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INTRODUCTION

-
At the r e q u e s t of the National Lead Company of Ohio (NLO), Battelle h a s been s e a r c h i n g f o r a salt-batch composition that will reduce the hydrogen pickup by u r a n i u m r o d s during the b e t a heat t r e a t m e n t . of humidity o v e r the s a l t bath on hydrogen pickup. The lithium carbonate-potassiurn carbonate s a l t m i x t u r e u s e d by NLO h a s r e s u l t e d i n high hydrogen pickup and consequently a b n o r m a l r e j e c t i o n of the u r a n i u m during humid s u m m e r months. This r e p o r t s u m m a r i z e s the r e s u l t s of both the l a , b o r a t o r y -s c a l e w o r k ( P a r t I) and the pilot-plants c a l e work ( P a r t II).
A s e c o n d a r y objective w a s to study the influence P A R T I. LABORATORY-SCALE EXPERIMENTAL WORK
The e x p e r i m e n t a l w o r k c o n s i s t e d of heat t r e a t i n g u r a n i u m s p e c i m e n s in different s a l t m i x e s at 1350 F under v a r i o u s conditions to d e t e r m i n e which s a l t m i x e s might r esult in l o w e r hydrogen pickup by the u r a n i u m a n d t o d e t e r m i n e the dependence of hydrogen pickup on humidity. the following c r i t e r i a i n mind:
The s a l t s used f o r the e x p e r i m e n t a l work w e r e s e l e c t e d with (4) E a s e of removing s a l t c r u s t adhering to uranium rods a f t e r t r e a t m e n t in s a l t bath 
e c a u s e t h e i r low e l e c t r i c a l conductance would m a k e i t difficult to heat the s a l t bath and b e c a u s e t h e i r high viscosity at 1350 F would c a u s e e x c e s s i v e dragout of the s a l t bath. The p r e l i m i n a r y studies indicated that c h l o r i d e s , b r o m i d e s , and c a rbonates w a r r a n t e d actual l a b o r a t o r y testing. T h r e e t e s t p r o c e d u r e s w e r e devised in the c o u r s e of this study t o d e t e r m i n e the The
The operating v a r i - 
I t h r e e t e s t p r o c e d u r e s differed i n the t i m e s a l t m i x e s w e r e aged p r i o r t o heat treating Description of P r o c e d u r e s
The heat-treating p r o c e d u r e c o m m o n to a l l t e s t s consisted of i m m e r s i n g weighed uranium specimens for 1 h r a t 1350 F in the s a l t m i x to be t e s t e d , quenching i n d i stilled w a t e r , visually examining the s u r f a c e , weighing, and analyzing f o r hydrogen content. than 0 . 1 ppm hydrogen.
The uranium s p e c i m e n s w e r e 1/2-in. p i e c e s of 1/4-in. r o d outgassed to l e s s
The t h r e e different t e s t p r o c e d u r e s used during the c o u r s e of the work a r e des c r i b e d below.
Two-Day Aging P r o c e d u r e n In this t e s t p r o c e d u r e , f u s e d s a l t m i x e s w e r e maintained at 1350 F for 2 d a y s p r i o r to heat t r e a t i n g in a muffle furnace having a n a t m o s p h e r e with approximate w a t e r vapor p a r t i a l p r e s s u r e s of 0 , l o , 20, o r 30 m m of m e r c u r y . The r e a s o n for t h i s p r oc e d u r e was to l e t the s a l t m i x e s come to equilibrium with the p a r t i c u l a r a t m o s p h e r i c In a n effort to improve the c o r r e l a t i o n between a t m o s p h e r i c humidity and hydroThe gen pickup, the s a l t m i x e s w e r e aged f o r 5 t o 7 days under controlled conditions. following p r o c e d u r e was u s e d f o r t h e s e t e s t s : used for one r u n , t h r e e s a m p l e s of each composition being placed in e a c h of two f u rn a c e s . and w e r e then i n c r e a s e d t o 1350 F. a t m o s p h e r e w a s maintained a t 70 m m of m e r c u r y , while i n t h e o t h e r f u r n a c e it w a s held a t 0 . 5 m m of m e r c u r y . between a t m o s p h e r i c m o i s t u r e and hydrogen pickup would become m o r e obvious. 5 t o 7 d a y s , uranium s p e c i m e n s w e r e i m m e r s e d for 1 h r i n two of the t h r e e s a m p l e s of each s a l t composition i n each furnace followed by the usual s t e p s . afforded a n opportunity to c o m p a r e the hydroxyl-ion concentrations of salt b a t h s before and a f t e r heat t r e a t i n g u r a n i u m , l i n e r s w e r e installed in the muffle f u r n a c e s for b e t t e r control of a t m o s p h e r i c humidity.
In s o m e of the t e s t s KOH was added to the salt m i x t o study the dependence of hydrogen pickup on the hydroxyl-ion concentration.
had KOH added, C 0 2 w a s r e m o v e d f r o m the a t m o s p h e r e to p r e v e n t the reaction of ]<OH with a t m o s p h e r i c C 0 2 t o give K2CO3.
Two different s a l t compositions w e r e
The f u r n a c e t e m p e r a t u r e s w e r e maintained a t 600 F overnight t o d r y the s a l t s
In one furnace the p a r t i a l p r e s s u r e of w a t e r i n the These two e x t r e m e s w e r e chosen s o that any c o r r e l a t i o n After '
This p r o c e d u r e
Because of the porosity of the c e r a m i c w a l l s , nickel After s o m e initial t e s t s on s a m p l e s which P o r c e l a i n c r u c i b l e s w e r e used at the beginning of this p r o c e d u r e . L a t e r , platinum c r u c i b l e s w e r e used b e c a u s e they reduced the l o s s of the fused s a l t mix due to creeping. E r r a t i c hydrogen pickups and e x c e s s i v e weight l o s s e s w e r e obtained when all-chloride s a l t m i x e s w e r e used in the platinum c r u c i b l e s . To o v e r c o m e this probl e m , Vycor h o l d e r s w e r e placed in the c r u c i b l e s in subsequent tests t o prevent d i r e c t contact between the uranium s p e c i m e n s and the platinum c r u c i b l e s .
Continuous Aging Under Room AtmosDhere
This p r o c e d u r e was devised t o d e t e r m i n e the hydrogen pickup r e s u l t i n g f r o m aging in r o o m a t m o s p h e r e and t o t e s t the effect of extended aging of fused s a l t m i x e s . Uranium s p e c i m e n s w e r e t r e a t e d a t 7-day Salt s a m p l e s w e r e a l s o taken a t 7-day i n t e r v a l s and analyzed for hydroxylThe t e s t was maintained f o r 7 weeks; then, a power f a i l u r e o c c u r r e d which r esulted in the l o s s of two of the s a l t m i x e s . Vycor tubes and t h r e e Type 304 s t a i n l e s s s t e e l tubes. placed in the Vycor tubes, and t h r e e new s a l t m i x e s w e r e placed in tubes constructed of Type 304 s t a i n l e s s s t e e l . After 1 week of operation the s a l t m i x e s i n the s t a i n l e s s 
--
The hydrogen-pickup r e s u l t s obtained i n the initial work done with the 2-day aging p r o c e d u r e a r e l i s t e d in Table 1 . s i n c e i t w a s being used i n the S p o n s o r ' s plant.
Salt Mix 4 w a s the s t a n d a r d of c o m p a r i s o n , Of the s a l t m i x t u r e s l i s t e d , Mixes 3 , 1 0 , and 15 w e r e eliminated f r o m f u r t h e r Also eliminated w e r e Mix 7 b e c a u s e consideration b e c a u s e of high hydrogen pickup. i t fumed e x c e s s i v e l y , Mix 8 b e c a u s e of i t s r e a c t i o n with u r a n i u m , and Mixes 1 1 and 1 3 b e c a u s e they c a u s e d pitting of the u r a n i u m s a m p l e s . in the u r a n i u m but w a s t e s t e d f u r t h e r b e c a u s e of g e n e r a l i n t e r e s t , a s w a s Salt Mix 14. The r e s u l t s , gating, w e r e a g e d 5 t o 7 d a y s p r i o r to i m m e r s i n g the u r a n i u m s p e c i m e n s . given i n Table 2 , continued t o show low hydrogen pickup by the u r a n i u m i n Salt Mix 5 (50 w / o KC1-50 w / o Na2C03). the u r a n i u m when a p o r c e l a i n c r u c i b l e w a s used; however, when the uranium w a s in d i r e c t contact with a platinum c r u c i b l e , the a v e r a g e hydrogen pickup w a s significantly h i g h e r . The u s e of Vycor h o l d e r s t o p r e v e n t contact between the uranium and the platinum c r u c i b l e s did r e d u c e the a v e r a g e hydrogen pickup somewhat f o r the 50 w / o KC1-50 w / o NaCl composition. F o r the other compositions t h e r e was no c l e a r benefit f r o m the u s e of Vycor h o l d e r s . hydrogen pickup than a wet a t m o s p h e r e is not understood. pickup r e s u l t s obtained with the KC1-NaCl salt mix ( l e s s than 1. 0 p p m ) in p o r c e l a i n c r u c i b l e s , a n d in s o m e c a s e s i n the Vycor h o l d e r s , m a k e s this s a l t m i x , a s well a s Mixes 5 and 1 7 , a p p e a r v e r y p r o m i s i n g f o r low hydrogen pickup. Salt Mix 9 showed v e r y low a v e r a g e hydrogen pickup by
The f a c t that f o r Salt Mix 14 a d r y a t m o s p h e r e led to a g r e a t e r
The v e r y low hydrogen F i g u r e 1 shows the hydrogen-pickup r e s u l t s obtained with different s a l t m i x e s that w e r e r u n continuously with u r a n i u m s p e c i m e n s i m m e r s e d a t 7-day i n t e r v a l s . Table 1 ). t h i s lack of dependence of hydrogen pickup on humidity might have been c a u s e d by ( 1 ) the s a l t bath not coming t o equilibrium with the a t m o s p h e r e i n only 2 days and ( 2 ) the p o r o u s w a l l s of the muffle f u r n a c e allowing the composition of the a t m o s p h e r e in the f u r n a c e t o change by diffusion through the w a l l s .
It w a s s u s p e c t e d that
Hence, a s a l r e a d y explained, the t e s t p r o c e d u r e was modified by i n c r e a s i n g the fused s a l t aging p e r i o d to 5 t o 7 days and by installing a nickel l i n e r in the muffle f u rn a c e . obvious, the p a r t i a l p r e s s u r e of the w a t e r v a p o r o v e r the salt baths w a s i n c r e a s e d t o 7 0 mm of m e r c u r y . Except f o r Salt Mix 14, Table 2 shows that the hydrogen pickup depends on the humidity. The m o d e r a t e i n c r e a s e in hydrogen pickup with i n c r e a s e d m o i s t u r e in the chloride-carbonate s a l t m i x e s and the KC1-NaC1 s a l t mix contained in p o r c e l a i n c r u c i b l e s m a k e s t h e s e s a l t m i x e s look v e r y p r o m i s i n g b e c a u s e the wet a tm o s p h e r e c o r r e s p o n d s t o the e x t r e m e condition of air a t 115 F s a t u r a t e d with w a t e r vapor.
To m a k e the dependence of hydrogen pickup on a t m o s p h e r i c m o i s t u r e m o r e
The Effect of Hydroxyl-Ion Concentration on Hydrogen Pickup F o r a given salt m i x t u r e , a h i g h e r hydrogen pickup is attended by a g r e a t e r This holds f o r all baths except those composed only of hydroxyl-ion concentration. c h l o r i d e s . In the l a t t e r c a s e t h i s c o r r e l a t i o n is lacking.
Uranium -Spe c im en Cor r o s ion
The u r a n i u m s p e c i m e n t r e a t e d in Salt Mix 8 (26.5 w / o K2S04-73.5 Li2SO4) d i ssolved completely. This r e s u l t obviously e l i m i n a t e s the u s e of sulfates a s salt baths f o r heat t r e a t i n g u r a n i u m . 28 w / o KC1-48 BaCl2 and Mix 13, 21 w / o NaC1-48 w / o CaC12-31 BaC12) caused noticeable pitting on the s u r f a c e of the u r a n i u m in the initial 2-day aging p r o c e d u r e .
The two s a l t m i x e s containing BaCl2 (Mix 6, 24 w / o NaC1-Uranium tended t o l o s e m o r e weight when t r e a t e d in a fused s a l t m i x exposed t o a wet a t m o s p h e r e than when t r e a t e d i n a s a l t mix exposed to a d r y a t m o s p h e r e . g e n e r a l , the u r a n i u m weight l o s s was considerably l e s s in the KC1-NaC1 s a l t m i x ( l e s s than 1 p e r c e n t ) than in the all-carbonate o r carbonate-chloride salt m i x e s (1 t o 5 3er cent).
In
The addition of KOH t o a s a l t m i x i n c r e a s e d the u r a n i u m weight loss.
When platinum c r u c i b l e s w e r e u s e d with the all-chloride s a l t m i x e s , the u r a n i u m weight l o s s e s w e r e m u c h g r e a t e r (as high as 38 p e r c e n t in one c a s e ) than when p o r c elain c r u c i b l e s w e r e used ( l e s s than I. p e r c e n t ) . The u s e of Vycor h o l d e r s t o p r e v e n t contact of the u r a n i u m and platinum g e n e r a l l y r e d u c e d the u r a n i u m weight l o s s cons i d e r a b l y below the weight loss o c d u r r i n g with d i r e c t contact. The i n c r e a s e d weight l o s s e s that o c c u r r e d when the u r a n i u m w a s in d i r e k t contact with platinum in an allchloride fused s a l t mix indicate that a n e l e c t r o c h e m i c a l attack o r c a t a l y t i c action w a s taking place. indicates that this s a l t m i x has a n o t h e r advantage o v e r the other salt n$ixes t e s t e d in addition to its potential value f o r minimizing hydrogen pickup.
The l o w e r weight l o s s obtained with the KC1-NaC1 s a l t mix (Mix 9 ) P A R r 11. PILOT-PLANT SCALE EXPERIMENTAL WORK Description of P r o c e d u r e Uranium s p e c i m e n s w e r e heat t r e a t e d a t weekly i n t e r v a l s in five different s a l t baths. p r i m a r i l y of 5 0 w / o KC1-50 w / o Na2C03, while the o t h e r t h r e e salt b a t h s consisted primarily of 50 w / o KC1-50 w / o NaC1. : * m a t e l y 6.5 w / o of s a l t s such as m i g h t b e carried o v e r f r o m t h e a l p h a e q u i l i z e r into the b e t a s a l t b a t h in a c o m m e r c i a l plant. to NLO at F e r n a l d , Ohio, f o r hydrogen a n a l y s i s .
E a c h s a l t bath w a s aged f o r 3 w e e k s . Two of the five s a l t b a t h s c o n s i s t e d Each of the five salt baths contained apprcxiThe t r e a t e d u r a n i u m s p e c i m e n s w e r e sent The u r a n i u m s p e c i m e n s u s e d in t h i s w o r k w e r e obtained f r o m NLO. T h e s e s p e c im e n s w e r e s e c t i o n s a p p r o x i m a t e l y 2 in. long that had b e e n cut f r o m 1. 5-in. r o d s and outgassed. t r e a t i n g f o r hydrogen content t o e s t a b l i s h the a v e r a g e initial hydrogen content and the s t a n d a r d deviation of initial hydrogen content. a t random f o r h e a t t r e a t i n g e a c h week, weighed, i m m e r s e d in the salt b a t h at 1350 F f o r 1 3 . 5 m i n , r e m o v e d , quenched in w a t e r f o r 2 m i n , i m m e r s e d in a second tank of w a t e r f o r 10 s e c , allowed t o d r y , a n d reweighed. A few of the s p e c i m e n s w e r e r i n s e d a second t i m e in approximately 140 ml of deionized w a t e r t o obtain a r i n s e s a m p l e f o r chloride a n a l y s i s . NLO t o d e t e r m i n e the chloride content on the o u t e r l a y e r of t h e s e u r a n i u m s p e c i m e n s . Two additional s p e c i m e n s w e r e t r e a t e d f o r 135 m i n in Salt Bath 3 a t the end of the tliird * These salt mixtures were supplied for the experimental work by Park Chemical Company.
T e n u r a n i u m s p e c i m e n s w e r e chosen at r a n d o m and analyzed p r i o r to heat Two u r a n i u m s p e c i m e n s w e r e s e l e c t e d Some of the u r a n i u m s p e c i m e n s w e r e l e a c h sectioned s o that a r e a s below and above the s a l t b a t h l e v e l could b e examined. of c o r r o s i o n , depth of i n t e r g r a n u l a r p e n e t r a t i o n , and c r y s t a l -s t r u c t u r e change w e r e d e t e r m i n e d by m e t a l l o g r a p h i c examination.
The
with a platinum v e r s u s platinum-rhodium thermocouple; a Ray-O-Tube w a s employed as a "fail-safe" device.
The t e m p e r a t u r e was controlled a t 1350 F E x p e r i m e n t a l R e s u l t s tend to v a r y d i r e c t l y with the humidity r e c o r d e d a t the instant of heat t r e a t i n g ; however, the l a r g e v a r i a n c e of hydrogen content that e x i s t e d in the u r a n i u m s p e c i m e n s b e f o r e heat t r e a t i n g precluded any quantitative verification. alkalinity f o r a given s a l t bath could not be c o r r e l a t e d with hydrogen pickup.
Hydrogen pickup did F o r the s a m e r e a s o n , the Dependence of Hydrogen Pickup on Type of Salt Bath
--
hydrogen content of u r a n i u m s p e c i m e n s t r e a t e d in the 50 w / o KC1-50 w / o Na2C03 s a l t baths w a s g r e a t e r than the a v e r a g e hydrogen content of the u r a n i u m specim e n s t r e a t e d in the 50 w / o KC1-50 w / o NaCl s a l t bath. Analysis of ten uraniurn s p e c i m e n s taken at r a n d o m f r o m the batch of s p e c i m e n s available f o r t h e s e t e s t s showed an a v e r a g e hydrogen content of 0. 27 p p m , with individual r e s u l t s varying f r o m 0. 15 t o 0.58 ppm (Appendix Table B-3) . v a r i a t i o n s in initial hydrogen content explain the l a r g e hydrogen-content differences obtained a f t e r t r e a t m e n t of duplicate s p e c i m e n s ( s e e F i g u r e 2). a v e r a g e initial hydrogen content f r o m the a v e r a g e final hydrogen contents gave a n e s t i m a t e d a v e r a g e hydrogen pickup of 0.14, 0.60, 0.41, 0. 17, and 0. 33 pprn f o r r u i s in Salt Baths 1 through 5, respectively. f i g u r e s f o r e a c h s a l t bath indicate that both the 50 w / o KC1-50 w / o NaCl and the 50 -N / O KC1-50 w / o N a 2 C 0 3 s a l t baths gave m u c h lower hydrogen pickup than the s a l t bath operating a t F e r n a l d , Ohio. 
TABLE 3. AVERAGE FINAL HYDROGEN CONTENT O F EACH PAIR OF URANIUM SPECIMENS T R E A T E D~) IN SALT BATHS
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Hydrogen Pickup Corneared With the Effect of Humidity, Salt-Bath Age, Type of Contaminant, and Salt-Bath Alkalinity on Hydrogen Pickup F i g u r e 2 shows final hydrogen content and the w a t e r -v a p o r p a r t i a l p r e s s u r e s in the a t m o s p h e r e above the s a l t b a t h a t the t i m e the u r a n i u m s p e c i m e n s w e r e t r e a t e d . The r e s u l t s indicate possible c o r r e l a t i o n between the w a t e r -v a p o r p a r t i a l p r e s s u r e o v e r the s a l t during t r e a t m e n t and the hydrogen pickup in all r u n s except that in Salt Bath 4.
If the a g e o r the L i z C 0 3 content of the s a l t bath influences the hydrogen pickup by the u r a n i u m s p e c i m e n s , any such c o r r e l a t i o n is o b s c u r e d by the influence of humidity and the l a r g e v a r i a t i o n in initial hydr'ogen contents of the u r a n i u m s p e c i m e n s . humidity o v e r the s a l t bath f o r the week i m m e d i a t e l y preceding t r e a t m e n t (Appendix B , Table B -1 ) showed n o a p p a r e n t c o r r e l a t i o n with hydrogen pickup. (50 w / o KC1-50 w / o N a 2 C 0 3 w a s u s e d as the contaminant), had v e r y low hydroxyl-ion contents (0. 04 to 0. 08 p e r cent). sufficient d a t a t o e s t a b l i s h a n exact relationship between hydroxyl content and the hydrogen pickup by individual u r a n i u m s p e c i m e n s . a p p a r e n t between the hydroxyl-ion content b e f o r e and a f t e r h e a t t r e a t i n g .
Salt Bath 1 , which contained n o L i z C 0 3
However, f o r a given s a l t bath t h e r e w e r e not -T h e r e w a s n o significant variat:l.on
Adherence of Salt to Uranium Following Quench
No s a l t could b e s e e n on the u r a n i u m s p e c i m e n s a f t e r the 2-min quench. i t does not a p p e a r likely that any substantial quantities of chloride could be c a r r i e d o v e r t o the machining operations. c a n t amount of c h l o r i d e ion a d h e r i n g t o the u r a n i u m s p e c i m e n a f t e r the u s u a l quenching and rinsing s t e p , the s p e c i m e n s w e r e r i n s e d in approximately 140 ml of deionized w a t e r which w a s then a n a l y z e d for c h l o r i d e . l a r g e s t chloride pickup by a r i n s e s a m p l e w a s only 0. 0007 g. only 0.000061 g p e r in. u r a n i u m s p e c i m e n s with n i t r i c a c i d (Table 5 ) a n d d e t e r m i n e d the chloride content ir the leach. mination a t B a t t e l l e ; t h u s , chloride that could have b e e n r i n s e d off with w a t e r is included i n t h e s e r e s u l t s . by the n i t r i c a c i d l e a c h w a s about the s a m e as the l a r g e s t r e s u l t obtained f r o m the w a t e r -r i n s e a n a l y s i s .
chloride by the n i t r i c acid-leach a n a l y s i s , 0. 0021 and 0. 0027 g, which c o r r e s p o n d s t o approximately 0. 14 a n d 0.18 g p e r rod. T h e s e pr-eliminary r e s u l t s do not r e p r e s e n t a thorough study of chloride a d h e r e n c e and should not b e u s e d t o p r e d i c t chloride buildup in the machining s t a g e s . They do point up the n e e d f o r s o m e additional study t o d e t e rm i n e m o r e a c c u r a t e l y the probable chloride a d h e r e n c e and whether o r not t h i s amount of chloride a d h e r e n c e might c a u s e p r o b l e m s in subsequent machining operations.
Thus
To d e t e r m i n e whether o r not t h e r e was any signifiThe r e s u l t s (Table 4 ) c o r r o s i o n w a s g e n e r a l l y uniform o v e r the exposed s u r f a c e . 304 s t a i n l e s s s t e e l showed s e v e r e pitting attack in the KCl-NazC03 s a l t b a t h s . of i n t e r g r a n u l a r penetration w a s o b s e r v e d in the Types 304 a n d 416 s t a i n l e s s s t e e l s p e c i m e n s . Type 330 s t a i n l e s s s t e e l , and selective penetration and pitting o c c u r r e d in addition to m e t a l r e m o v a l .
tatively b e c a u s e that p a r t of the s p e c i m e n s (1/4-in. t u b e s with 0. 031-in. w a l l s ) ex-.
posed t o the s a l t b a t h w e r e completely destroyed. c a r b u r i z a t i o n , and p e r h a p s s o m e c a r b u r i z a t i o n o c c u r r e d . the o p e r a t i n g t e m p e r a t u r e and the s a l t bath composition e a c h contributed t o t h e s e phenomena could not b e d e t e r m i n e d f r o m t h e s e p r e l i m i n a r y c o r r o s i o n s t u d i e s .
In the c a s e of Type 330 s t a i n l e s s s t e e l , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... ... .. 
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